Coatomer, the coat protein complex of coat protein (COPI) vesicles, is involved in the budding of these vesicles. Its interaction with the cytoplasmic domains of some p24-family members, type I transmembrane proteins of the Golgi, has been shown to induce a conformational change of coatomer that initiates polymerization of the complex. From stoichiometrical data it is likely that interaction of coatomer with the small tail domains involves an oligomeric form of the p24 proteins. Here we present the structure of peptide analogs of the cytoplasmic domain of p23, a member of the p24 family, as determined by two-dimensional nuclear magnetic resonance spectroscopy in the presence of 2,2,2-trifluoroethanol. An improved strategy for structure calculation revealed that the tail domain peptides form ␣-helices and adopt a tetrameric state. Based on these results we propose an initial model for the binding of coatomer by p23 and the induced conformational change of coatomer that results in its polymerization, curvature of the Golgi membrane to form a bud, and finally a COPI-coated vesicle.
Two types of coat protein complexes have been described for the secretory pathway, COPI and COPII coat protein), differing in their protein subunits. COPIcoated vesicles mediate protein transport in the early secretory pathway [1] [2] [3] . The COPI coat consists of a small G protein, ADP-ribosylation factor 1 (ARF1) [4, 5] and coatomer, a hetero-oligomeric protein complex of seven subunits (␣-COPs) [6 -8] . COPI bud formation is initiated by membrane recruitment of ARF1, which in its GTP-bound form [9, 10] , together with members of the p24 family [11] , provides membrane binding sites for coatomer [12] . Subsequent coat assembly leads to membrane deformation and the morphological appearance of a bud [13] . Recently, it was shown that upon interaction with peptides analogous to the cytoplasmic domain of p23 [14] , a member of the p24 family, coatomer undergoes a conformational change, which induces the polymerization of the complex [15] . p23, a type I transmembrane protein, is highly enriched in COPI vesicles and is present in a ratio to coatomer of approximately 4:1 [14] . The cytoplasmic domain of p23 (YLRRFFKAKKLIE) contains a classical dilysine motif (KKXX) for retrieval to the endoplasmic reticulum (ER) [16 -19] , and binds coatomer with the same efficiency as the KKXX motif [14] . p23 binding, however, depends on its phenylalanine residues as well as its lysine residues. A dimeric form of the above mentioned peptide, disulfide-bridged via additional cysteine residues at the N-terminus, is far more efficient in inducing the conformational change of coatomer [15] .
In view of the central role of the cytoplasmic domain of p23 in the formation of COPI-coated vesicles, we determined the three-dimensional structure of peptides analogous to this functional domain. The following peptides, known to bind to and to polymerize coatomer, were investigated:
We decided to determine the structure of these peptides in the presence of 2,2,2-trifluoroethanol (TFE) [20] . Our studies show that the small cytoplasmic tail domains of p23 adopt a tetrameric state, and offer a model how the amino acid residues essential for binding coatomer are positioned within a tetramer on the membrane surface.
MATERIALS AND METHODS
Synthetic peptides. p23wt-m and p23wt-d were obtained as a commercial product (Deutsches Krebsforschungszentrum, Heidelberg). Dimers were formed by disulfide bridges linking the peptides via N-terminally introduced cysteine residues. For this purpose, newly synthesized monomeric peptides were oxidized in 20% dimethyl sulfoxide in water for 48 h. Subsequently the dimers were isolated by high pressure liquid chromatography. 2 -TFE, 100 mM potassium phosphate buffer, 50 mM NaCl, 280 K. Complete sequence-specific assignments of backbone and side-chain protons were obtained by total correlation spectroscopy (TOCSY) with 80 ms mixing time [21, 22] , correlation spectroscopy (COSY) [23] , and NOE spectroscopy (NOESY) (mixing times 150 ms and 300 ms) [24] . All spectra were acquired on a Bruker DRX600 spectrometer using standard pulse sequences [25] . Saturation of the water signal was accomplished by continuous coherent irradiation prior to the first excitation pulse and during the mixing time of the NOESY experiments. 4096 ϫ 512 data points were collected with a spectral width of 6024 Hz in both dimensions. Base-line correction up to 6th order was applied for all 2D spectra in the F2 as well as the F1 dimension. A sinebell-squared filter with a phase shift of /2, /4 or /8 prior to Fourier transformation was used. Zero-filling resulted in a data size of 4096 ϫ 1024 data points in the frequency domain. In addition to the standard Bruker spectrometer control software, the NDEE 2.0 software package (Software Symbiose, Inc., Bayreuth, Germany) was used for data processing. Chemical shift values are reported relative to 2,2-dimethyl-2-silapentane sulfonate.
For structure calculations, only NOEs visible in the spectra recorded in the presence of 40% TFE with 150 ms mixing time were taken into account. Identical calculations combining information obtained in the presence of 20% TFE resulted in virtually identical structures for p23wt-d. The structure of p23wt-m, however, could not be determined at TFE concentrations lower than 40%.
An estimate of secondary structure elements can be obtained from the proton chemical shifts [26 -29] . C ␣ H resonances shifted to high field relative to the corresponding random coil values [26] indicate local ␣-helical structure, whereas downfield shifted resonances are typical for local ␤-sheet conformation. Elements of regular secondary structure are assumed to be present if a deviation from the random coil value of more than 0.1 ppm is observed. To get a more reliable picture it is suggested [26] that only resonances with the same sense chemical shift deviation for a stretch of more than 3 sequential residues be taken into account.
Restrained and unrestrained molecular dynamics calculations. Simulated annealing calculations [30] were performed on SUN workstations with X-PLOR V3.840 [31] . The 3 J ␣ N coupling constants were obtained from cross-peaks in a COSY spectrum. The NOE intensities were classified as strong, medium, and weak and assumed to correspond to proton-proton distances of 1.8 -2.7, 1.8 -4.0, and 1.8 -5.5 Å, respectively. Stereospecific assignments for the methyl, methylene, and aromatic protons have not been performed, and appropriate corrections were added for constraints including pseudoatoms [32] [33] [34] . Torsion angles were derived from 3 J ␣N coupling constants [35] . An interval of Ϯ30°around the experimental value was allowed. Frequency degenerated cross-peaks were incorporated into the structure calculations as 'ambiguous' in order to extract as much structural information as possible from the NOESY spectra [31] . Subsequently, the proton-proton distances in the calculated structures were determined using the program "BackCalc_db 2.0" (Software Symbiose, Inc., Bayreuth, Germany) and compared with the combinations of distances possible for each frequency degenerated NOESY cross-peak. If only one of the possible distance combinations was fulfilled in more than 50% of the calculated structures, the distance information was used in further structure calculations. This procedure was repeated several times.
Elements of regular secondary structure were deduced by chemical shift analysis and the inspection of the NOE pattern. In addition, the structures were checked for the existence of secondary structural elements by MOLMOL 2.6 [36] . For the unrestrained molecular dynamics simulation (MD) a water/TFE box consisting of 3392 water and 768 TFE molecules with a spatial extension of 6.2 ϫ 6.2 ϫ 6.2 nm was generated [37, 38] . The structure with the lowest energy was
FIG. 1.
Chemical shift plot of C ␣ H(peptide)OC ␣ H(random coil) according to [27, 28] . Note. All calculations were carried out using the standard X-PLOR force field and energy terms. An SA protocol with subsequent refinement was used to generate 100 structures from an elongated starting conformation. The values are mean values over 30 structures. chosen as the starting structure for the MD calculations. The further calculation strategy was described earlier [37] [38] [39] [40] [41] .
RESULTS
Sequence-specific assignments of the spin systems identified in the COSY and TOCSY spectra could be performed with standard techniques [25] as the spectra were well resolved (Table I) . Chemical shift data of the C ␣ H resonances was analyzed according to the chemical shift index strategy [27, 28] , yielding an estimate of elements of regular secondary structure (Fig.  1 ). An ␣-helical stretch from R3 to K10 (p23wt-m) and from L2 to K10 (p23-wt-d) is clearly suggested. This preliminary estimate was confirmed and refined by analysis of NOESY cross-peak patterns: According to sequential short-range d NN (i,i ϩ 1) NOEs, mediumrange d ␣␤ (i,i ϩ 3), d ␣N (i,i ϩ 3), and d ␣N (i,i ϩ 4) NOEs (Fig. 2) , p23wt-m as well as p23wt-d form ␣-helices from L2 to I12, fraying at Y1 and E13.
The solution structure as determined by restrained molecular dynamics calculations (Tables I and II) shows that the four residues involved in coatomer binding, F5, F6, and K9, K10 [14] , are located at the same side of a helix (Fig. 3B ) that clearly shows amphipathic character, its hydrophobic face composed of residues Y1, F5, A8, and I12. Amphipathicity is increased by a salt bridge between K9 and E13, stable in molecular dynamics simulations (data not shown). The rootmean-square deviation (rmsd) for the backbone heavy atoms of the 30 structures with lowest internal energies of p23wt-m is 0.0014 nm.
The structure of p23wt-d, calculated under the assumption of a monomeric state of the dimerized peptide (data not shown), could not satisfactorily explain 15 long-range NOEs between I12 and Y1, and I12 and F5 (at lower TFE concentrations, 20 and 15% (v/v), additional NOEs between F6 and E13 could be observed). This implies oligomerization of p23wt-d at least to a p23wt-d dimer, analogous to a tetrameric form of the p23 cytoplasmic domain. To analyze this dimerization of p23wt-d biochemically, size exclusion chromatography was performed at pH 7.4 without the addition of TFE and under the conditions used for NMR spectroscopy. Size exclusion chromatography clearly confirms a dimeric state of p23wt-d even in the absence of TFE (Experiments carried out under the conditions used for NMR spectroscopy yielded identical results) [15] .
These results clearly show that p23wt-d, the dimerized peptide, is dimerized in solution, i.e., forms a complex of four p23-tail domains. Comparing the experimental NMR spectra with the spectra expected for the four possible structures of a dimer (Fig. 5) , only one structure is plausible (Fig. 5D ): Structure A cannot BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS explain the 15 observed NOEs between I12 (close to the COOH-terminus) and Y1 or F5 (close to the NH 2 -terminus). The same is true for Model B. While Model C fulfills the above-mentioned distance restraints, it does not reflect the symmetry detected by NMR spectroscopy. In the NMR spectra the four amino acids with the same sequence position give rise to only one spin system, i.e., the magnetic environment of the four residues must be identical (Fig. 5) . Only an arrangement of the two p23wt-d similar to the one depicted in Fig.  5D meets all experimental constraints: (i) dimeric; (ii) helical conformation; (iii) proximity of NH 2 -and COOH-terminus; (iv) an identical magnetic environment for the four helices of a p23wt-d dimer.
In the Clean-TOCSY spectrum of p23wt-d dimer (Fig. 6 ) three different spin systems, corresponding to three different conformations, for each of the COOHterminal residues I12 and E13 are discernible. In both cases, however, only one of the spin systems shows interresidual NOEs, which were used in the structure determination.
The overall structure of the p23wt-d dimer is bipartite (Fig. 3C) . The ␣-helices are well defined, and a hydrophobic core is created through interactions of the side chains of residues F5, A8, L11, and I12 of the two dimers. A semicircle is formed by residues K9 and K10 of two antiparallel helices (Fig. 3C) . The corresponding diphenylalanine motifs of the two antiparallel ␣-helices are separated by this "K-semicircle" (Fig. 3C) . Thus, p23wt-d dimer comprises a tetramer of the cytoplasmic domain of p23. This is in agreement with the stoichiometry found for both p23 protein and coatomer in isolated COPI vesicles and in coatomer precipitated by p23wt-d [15] . We propose that this tetramer is the species active in coatomer binding in vivo (Fig. 7) .
The stability of the calculated structure was probed by MD simulations over 200 ps, and in Fig. 4B the radius of gyration, a measure for the compactness of a molecule, as a function of the simulation time is shown. After a rapid increase, which is caused by the equilibration of the system, the radius of gyration decreases slightly from 1.20 to 1.18 nm.
DISCUSSION
The differences between the NOESY pattern of p23wt-m and p23wt-d can easily be explained by slightly different secondary structures and structural stabilities of the two peptides, and by the evaluation strategy of NOESY spectra used in this work. Only NOESY cross-peaks that could unambiguously be assigned to a single proton-proton distance were used for the structure calculations. This strategy prevents the overinterpretation of NOESY spectra, but minor differences in the spectra can result in seemingly very different patterns of sequential and medium range NOESY connectivities (Fig. 2) . Despite the dissimilarity of the NOESY pattern of the two peptides, the principal statement is identical: Both peptides adopt an ␣-helical conformation. In the TOCSY spectrum of p23wt-d three distinct spin systems, equivalent to distinct conformations of I12 and E13, are discernible, suggesting a higher structural flexibility of these residues. The chemical shift plot (Fig. 1 ) and the observation that only the spin systems of I12 and E13 labeled in Fig. 6 show interresidual NOESY cross-peaks confirm this notion. It is also remarkable that the rmsd value of the backbone atoms of p23wt-d dimer is nearly 20 times larger than the value of p23wt-m. The reason for this is easily found in the limited number of inter-monomeric NOESY restraints used in the structure calculation of p23wt-d dimer. This allows slightly different orientations of the helices relative to each other giving rise to the observed rmsd value. The backbone of p23wt-m is well defined by a large number of NOESY cross-peaks and by dihedral restraints which is reflected by its low rmsd value typical for such small peptides (see, e.g., Protein Data Bank entries 1aft, 1aqp, or 3btb) .
To avoid misinterpretations based on the influence of TFE on the stability of secondary structure elements [38, 42] , we varied the concentration of TFE allowing us to determine the influence of this helix-inducing reagent on the structures of the peptides. At low TFE concentrations, p23wt-m nearly completely lost its regular secondary structure whereas the structures of p23wt-d are virtually identical at 20 and 40%, and even at lower TFE concentration the ␣-helical conformation is still present as determined by CD spectroscopy (data not shown). The increased stability of p23wt-d is most probably due to the observed hydrophobic core formed by the dimer. The MD simulations carried out also indicate that the dimer of p23wt-d and hence its hydrophobic core is stable under the conditions chosen for the simulation (Fig. 4B) .
The higher efficiency of p23wt-d in precipitating coatomer compared to p23wt-m can easily be explained by the increased structural flexibility of p23wt-m preventing a defined orientation of its binding motifs. Moreover, the structure of p23 that triggers the recently observed conformational change of coatomer [15] is a tetramer of four equivalent ␣-helical domains, as judged from nuclear magnetic resonance spectroscopy and molecular dynamics simulations. A tetrameric form of this domain is confirmed by size exclusion chromatography and determination of its stoichiometry in the precipitated coatomer complex [15] . The structure arising from tetramerization of the p23-tail domain represents a symmetrical molecule of two equivalent halves (Fig. 5C ). One such motif may be directed toward the surface of the Golgi membrane and may well be stabilized by interactions with membrane lipid head groups, and the other motif may protrude from the membrane and serve as a "plug" for coatomer.
Recently, it was shown that certain aminoglycoside antibiotics and 1,3 cyclohexanebis(methylamine) can bind to coatomer complexes by interacting with their di-lysine binding sites [43, 44] . Furthermore, it was proposed that the distance between two dilysine binding sites was approx. 12 Å. This notion is supported by our study: The distance between the two dilysine motifs in p23wt-d varies from 10 to 15 Å in good agreement with the proposed 12 Å considering the flexibility of a lysine side chain. Combining our results with the results of [15] leads to the model depicted in Fig. 7 . The axes of the four helices should be parallel to the plane of the membrane, otherwise the tetramerization of the p23-tail domain would not be possible. This is due to the restraints that arise from the fact that p23 is a type I transmembrane protein and the antiparallel orientation of the p23wt-d molecules in the structure determined in this study.
